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Summary
1. Populations of cyclic forest insects are known to exhibit large-scale spatially synchronous dynamics. Region-wide climatic disturbances, the Moran effect, have often
been invoked as the mechanism underlying this synchrony. However, no previous study
has been designed specifically to examine spatial population dynamics more closely and
to evaluate underlying mechanisms.
2. We perform a study on winter moth populations in sub-Arctic birch forest, where
habitat discontinuity was included in the study design, to evaluate if dispersal barriers
would act to decouple dynamics. All the study populations were situated in the same
climatic region where 10-year population cycles have been known to prevail. The total
spatial extent of the study was smaller than the spatial scale of synchronous dynamics
reported from previous studies on cyclic insects.
3. We found that moth populations had mainly synchronous dynamics within sites
consisting of 1·8 km transects in prime moth habitats (mature birch forest) and within
a large island with continuous birch forest. However, sites on different islands could be
maximally out of phase.
4. These results suggest that climate was not synchronizing winter moth populations in
this ecosystem and that biotic mechanisms are probably involved.
5. Our study highlights the value of performing studies with a particularly dedicated
design for elucidating the patterns and mechanisms of spatio-temporal population
dynamics.
Key-words: climate, dispersal barriers, insect population cycles, Moran effect, study
design.
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Introduction
Studies of population dynamics have increasingly
emphasized two spatial aspects (Bascompte & Solé
1998; Bjørnstad, Ims & Lambin 1999; Lundberg et al.
2000). One aspect, which has been emphasized particularly in some species of small rodents and geometrid
moths (Klemola et al. 2002), is that different geographical regions may harbour populations of the same
species with qualitatively different types of dynamics.
Notably in Europe there is a northern ‘cyclic region’
with high amplitude peak years occurring at regular
intervals, and more southern ‘non-cyclic regions’ with
low amplitude, irregular population fluctuations. Such
large-scale differences in population-dynamics patterns
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have been used to infer processes underlying the
dynamics (Hansson & Henttonen 1988; Klemola et al.
2002). The other aspect regards the extent of spatially
synchronous dynamics, which has now been investigated in many species (Hanski & Woiwod 1993; Ranta,
Kaitala & Lundberg 1998; Koenig 1999; Paradis et al.
2000). It has been concluded that population synchrony
is taxonomically and geographically widespread
(Hudson & Cattadori 1999; Koenig 1999), but there are
large differences among species and geographical regions
with respect to how pronounced synchrony is locally
and how fast it decays with distance (Kendall et al.
2000). In some species there is evidence for continentwide synchrony (Hawkins & Holyoak 1998), while synchrony in other species is mainly a local phenomenon
(Steen, Ims & Sonerud 1996). It seems, however, that
populations with cyclic dynamics stand out as those
cases with the most pronounced and large-scale synchrony (Barbour 1988; Bjørnstad 2000; Kendall et al.

studies has been hampered by a scarcity of quantitative
data on population densities with an appropriate
spatial coverage.
Because qualitative surveys may be fraught with
many caveats (see Tenow 1972 for a thorough discussion) in this paper we raise the question of whether the
conventional wisdom about synchronous dynamics of
birch-forest geometrids holds closer scrutiny in terms
of more detailed quantitative data. For this purpose we
report from an ongoing project that is aimed specifically at exploring the spatial dynamics of geometrid
moths. Our study is conducted in coastal, sub-Arctic
birch forests of northern Norway where the winter
moth in particular is well known to exhibit 10-year
population cycles (Tenow 1972; Bylund 1999; Neuvonen
et al. 1999). These forests provide excellent opportunities for studying spatio-temporal dynamics of forestdwelling organisms as they typically form narrow belts
between the sea and higher altitude treeless habitat
(forest line at 300 –500 m in the study area), which
simplifies the spatial dimension of the populations.
Moreover, the forest belts are discontinued by fjords
or are located on different large islands so that the
dynamics of populations separated by dispersal barriers
can be analysed (see Fig. 1). Adjacent sites separated by
barriers are so closely situated (< 10 km) that they are
exposed to virtually the same climate. Such a context
can be used strategically to distinguish between climate
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2000; Liebhold & Kamata 2000). This indicates that
those mechanisms generating population cycles and
those generating synchrony either are the same or are at
least interacting (Kendall et al. 2000).
Populations of the two geometrid moth species
(Epirrita autumnata Bkh.) (autumnal moth) and
(Operophtera brumata L.) (winter moth) in sub-Arctic
and subalpine birch forests of Fennoscandia are well
known for their approximately 10 years population
cycles (Tenow 1972, 1996; Haukioja et al. 1988; Hogstad
1997; Bylund 1999; Neuvonen, Niemelä & Virtanen
1999; Klemola et al. 2002). Besides the broad geographical distribution of areas with and without population
cycles (Ruohomäki et al. 2000; Klemola et al. 2002),
the spatial aspect of geometrid moth cycles in the birch
forest ecosystem has been relatively little emphasized.
Tenow’s (1972) seminal survey of known outbreak
years in Fennoscandia covering a period of more than
100 years indicated that outbreaks in both moth species could encompass large tracts of suitable habitat
(i.e. birch forests). Mainly on this basis large-scale
spatial synchrony has been concluded to be the rule for
cyclic birch forest geometrids (Bylund 1999; Ruohomäki
et al. 2000; Tanhuanpää et al. 2002). However, besides
the qualitative survey of Tenow (1972), there have been
no studies devoted specifically to the spatial population
dynamics of the two geometrid moth species in the
birch-forest ecosystem. The possibility to conduct such
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Fig. 1. The six pairs of sites in the coastal districts of Troms county in northern Norway where winter moth populations were
censused during 1999–2002. The population trajectories of the 10 local stations per site are shown on as number of larvae per twig
at a linear scale. The letters after the site names indicate whether the site was on the mainland or a large island (C: continent) or
on a smaller island (I). On the map island sites are marked with diamonds, mainland sites with dots. Dark terrestrial areas on the
map denote birch forest, while light areas denote treeless, alpine habitats.
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and dispersal as synchronizing factors (Adler 1994;
Grenfell et al. 1998; Bjørnstad et al. 1999; Krebs et al.
2002).
Although studies of the dynamics of cyclic populations for many purposes need to span a longer
time period than the period of a cycle (i.e. 10 years for
the focal moth species), the degree of synchronous
dynamics can be evaluated from more short-term data
(e.g. Bondrup-Nielsen & Ims 1988; Erlinge et al. 1999;
Laakkonen et al. 2001). In fact, an evaluation of spatial
synchrony requires only that the same measure of
population growth rate can be compared among
populations. For cyclic populations, identifying and
comparing the phase among sites at any given time
would be sufficient to verify the prevalence of synchrony.
Here we use this latter approach on our 4-year data
sets on winter moth population dynamics from multiple
sites in northern Norway. Our results appear to contradict the notion that cyclic moth species exhibit spatial
synchrony due to the Moran effect (Tenow 1972; Berryman
1996; Ruohomäki et al. 2000; Tanhuanpää et al. 2002),
at least in coastal sub-Arctic birch forest.

Methods
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The project was carried out in the coastal districts
of Troms county, northern Norway (69°30′ to 70°03′N;
18° to 20°E). The climate in this area is oceanic with
relatively mild winters (average January temperature −2
to −5 °C) and cool, wet summers (average July temperature 12–13 °C). Twelve main study sites in mature birch
forest were selected. The 12 study sites were arranged
spatially in six pairs so that one site was on the mainland or a very large island (hereafter termed continent)
and one on a medium-sized island (hereafter termed
island) (Fig. 1). Except for one locality (Rekvik), which
is a forest island isolated from the ‘continental forest’
by treeless alpine habitats, the other islands were true
islands surrounded by sea. The straight-line distance
between the continent and the island within a pair
ranged from 4 to 9 km and always included a stretch of
more than 1·5 km of open sea (or mountain habitat in
the case of Rekvik), which probably constitute an efficient barrier for ballooning larvae (Edland 1971). The
straight-line distance between the two nearest sites
from two different pairs ranged from 13 to 42 km.
At each site we established one 1·8-km transect running through continuous typical winter moth habitat
(i.e. mature birch forest) at 100 –150 m above sea level,
which is the altitude where winter moth outbreaks
typically occur (Tenow 1972). At every 200 m along the
transects we established permanent sampling stations
(i.e. n = 10 per transect), where we estimated the
density of the local winter moth populations. Density
estimates were obtained by counting all larvae on 10
arm-length birch twigs per sampling station, collected
haphazardly from different trees within a radius of 20 m
of the station point. Each twig was beaten thoroughly
with a stick over a large plastic box until all larvae had

detached from the twig and had fallen into the cage.
The mean number of larvae per twig then served as a
station-specific measure of population density. Both
transects in one pair of sites were sampled during a single day and all sites/transects were sampled during 1
week. Sampling was conducted during the four summers in the period 1999–2002 and the sampling time
varied somewhat from late June or early July, depending on the phenology in the different years. Care was
taken to perform the sampling when most of the larvae
were in their 3–4 instars to avoid overlooking the
youngest instars during sampling (i.e. the very small 1
instar larvae) or losing late instar larvae (e.g. 5 instar
larvae) that had pupated.

Results
Both winter moth and autumnal moth were present on
all sites. Here we present data for the winter moth only,
because this species predominated in our material. The
winter moth already occurred at very low densities
(i.e. mean number of larvae per birch twig < 1 at all
stations) during the first summer at six sites (Rekvik,
Vengsøy, Dåvøy, Karlsøy, Lyngen and Årøy) (Fig. 1,
Table 1). The population densities at these low-density
sites did not change notably during the next three
summers (Table 1). There was a tendency for the lowdensity sites to be located on the islands; five of the six
islands were at low density, while only one of six continental sites had similarly low densities (Fig. 1).
Of the six sites with at least some local populations
with more than one larva per birch twig in 1999, there
was one site (Reinøya) with populations that on average exhibited a weak increasing trend over the study
period (Fig. 1). At the five other sites the winter moth
populations were obviously crashing from peak densities during the course of the study period. The populations at one of the crashing sites (Dåfjord) were
probably in the very late crash phase in 1999 and
reached the same low densities as the six low-density
sites the next summer. The four remaining sites (Sandvik,
Tussøy, Tromvik and Skulsfjord) still had some increasing populations in 1999 (Fig. 1) that reached peak
population densities (> 10 larvae per twig) in 2000.
Most populations had entered the crash-phase by the
summer of 2001. Three of the peaking/crashing sites
were located on the large island Kvaløy (Fig. 1). The
cross-correlation coefficients between the Kvaløy sites
being connected by continuous birch forest averaged
0·93 (SD = 0·02). In contrast, cross-correlation coefficients (lag zero) between sites on different islands (i.e.
sites with habitat barriers between them) averaged 0·04
(SD = 0·53).
Because the study period included both peak and
the crash phases at four sites we analyse the spatiotemporal dynamics within these sites in greater detail.
The other sites were not subject to such a detailed analysis because there were no significant changes between
most of the years (Table 1). Among the four peaking/

1132
R. A. Ims,
N. G. Yoccoz &
S. B. Hagen

Table 1. Mean loge-transformed densities [ loge(N + 1)] and per capita growth rates (r = loge[ Nt+1 + 1]/ loge[ Nt + 1]) for the 12
study sites (transects). Standard deviations are in brackets
Site
Tussøy
Sandvik
Tromvik
Skulsfjord
Dåfjord
Dåvøy
Reinøy
Rekvik
Vengsøy
Karlsøy
Lyngen
Årøy

log (N + 1)
r
log (N + 1)
r
log (N + 1)
r
log (N + 1))
r
log (N + 1)
r
log (N + 1)
r
log (N + 1)
r
log (N + 1)
r
log (N + 1)
r
log (N + 1)
r
log (N + 1)
r
log (N + 1)
r

1999

2000

2001

2002

3·15 (1·18)
−0·21 (0·77)
4·69 (0·27)
−0·03 (0·39)
4·22 (0·56)
0·23 (0·30)
4·17 (0·42)
0·16 (0·34)
2·33 (0·62)
−2·26 (0·69)
0·61 (0·56)
−0·61 (0·56)
2·48 (0·78)
0·05 (0·78)
0·72 (0·86)
−0·22 (0·44)
1·70 (0·61)
−1·25 (0·95)
0·55 (0·44)
0·10 (0·85)
0·00 (0·00)
0·14 (0·29)
0·00 (0·00)
0·00 (0·00)

2·94 (1·39)
−1·88 (0·85)
4·66 (0·41)
−0·50 (0·26)
4·45 (0·74)
−0·52 (0·38)
4·33 (0·32)
−1·65 (0·39)
0·07 (0·62)
0·21 (0·85)
0·00 (0·00)
0·29 (0·48)
2·53 (1·05)
0·39 (0·76)
0·50 (0·70)
0·00 (0·48)
0·46 (0·53)
0·18 (0·76)
0·66 (0·54)
−0·52 (0·83)
0·14 (0·29)
−0·14 (0·29)
0·00 (0·00)
0·00 (0·00)

1·05 (1·37)
−0·85 (1·15)
4·16 (0·44)
−1·49 (0·51)
3·93 (0·76)
−1·12 (0·43)
2·68 (0·61)
−2·02 (0·50)
0·28 (0·36)
0·26 (0·71)
0·29 (0·48)
0·03 (0·53)
2·92 (0·56)
−0·18 (0·36)
0·50 (0·46)
0·30 (0·52)
0·64 (0·56)
−0·25 (0·85)
0·14 (0·44)
0·72 (0·52)
0·00 (0·00)
0·07 (0·22)
0·00 (0·00)
0·07 (0·22)

0·21 (0·47)
2·68 (0·47)
2·81 (0·97)
0·65 (0·68)
0·54 (0·60)
0·32 (0·43)
2·74 (0·53)
0·80 (0·53)
0·39 (0·43)
0·86 (0·39)
0·07 (0·22)
0·07 (0·22)

Fig. 2. Spatio-temporal dynamics on four sites where local populations crashed from peak densities during the course of the
study. Upper panels: trajectories of population density (number of larvae per birch twig) on a logarithmic scale. Adjacency of
populations (= sampling stations) along the transect at each site is indicated by similar thickness and shading of lines. Lower
panel: the spatial pattern of local population densities along the transects in the different years. The size of the bubbles denotes
the relative local larval densities.
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crashing sites, the island site (Tussøy) was in the most
advanced stage of the crash, as some of the populations
were already close to minimum densities in 1999 (Fig. 2)
and the mean rate of change between 1999 and 2000
was negative (Table 1). Within-site variation in population dynamics was also clearly largest at Tussøy
(Table 1, Fig. 2). This variation seemed to be spatially
structured in the sense that there was a tendency for the

populations in one half to crash before the other half
(Fig. 2). We used local polynomial regression models
[Cleveland, Grosse & Shyu 1992; function ‘loess’ implemented in  (Ihaka & Gentleman 1996)] to fit smoothed
correlograms to pairwise cross-correlation coefficients
(lag zero) of sampling station specific population
densities for each transect. We chose a large degree of
smoothing (alpha = 1·5) to emphasize patterns at

1133
Spatial dynamics of
sub-Arctic winter
moth populations

Fig. 3. The degree of spatial synchronous population rate of change [log(Nt+1 + 1)/Nt + 1)] as a function of distance between local
populations at the four study sites (= 1·8 km transects) undergoing population crashes. Dots are cross-correlation coefficients
between pairs of populations (= sampling stations along the transect). The curves depicting the relations between synchrony and
distance (correlograms) were obtained from local regression models. 5% and 95% confidence envelopes of the predicted curves are
given. Predictions for the two most distant correlations were not made because of few data. See main text for further
computational details.

the transect level. Confidence envelopes for the local
regression curves were estimated by bootstrapping sampling stations 1000 times and using the 5% and 95%
quantiles of the distributions of the predicted values
(obtained using the ‘pred.loess’ function).The correlograms indicated that local populations crashed fairly
synchronously across the entire transects at all four sites
(Fig. 3). The crashes appeared most synchronous at the
site Skulsfjord, where the crash was particularly steep
(Table 1, Fig. 2). The more spatially variable dynamics
at Tussøya were indicated by a somewhat clearer tendency
for a decaying synchrony with distance and wider confidence envelopes than the other sites (Fig. 3).

Discussion
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The 12 sites studied had winter moth populations
with very different population densities and dynamics,
although the habitat appeared to be similar, i.e. mature
coastal birch forest. There are two possible explanations for this. The first could be that the various sites
have qualitatively different population dynamics, i.e.
some sites harbour populations with the typical cyclic
dynamics of the type described previously from northern
Fennoscandia, while other sites could have relatively
low and stable population densities, which is a type of
dynamics believed previously to be found only at much
lower latitudes in Fennoscandia (e.g. Klemola et al. 2002).
If this kind of fundamentally different local dynamics

at a relatively small scale was the case, the reported
large-scale regional pattern of a northern cyclic and
southern non-cyclic geometrid moth population dynamics
in Fennoscandia (cf. Tenow 1972; Ruohomäki et al.
2000; Klemola et al. 2002) would be disrupted. The
second possibility is that all sites harbour populations
with ‘normal’ northern population cycles, but that the
sites were out of phase with each other. Note that both
alternatives imply spatially asynchronous dynamics,
but the underlying causes would be different.
Although a statistically rigorous evaluation of whether
forest Lepidoptera populations are cyclic or stable
requires 30–40-year time series (Liebhold & Kamata
2000), we still think it is timely and pertinent to report
our findings, and to argue that the cyclic–asynchrony
alternative (rather than the stable–cyclic alternative) is
the most probable explanation for the observed spatiotemporal dynamics. All sites had population trajectories that are compatible with signatures of cyclic phases
as known from the only really long-term quantitative
data on the winter moth, i.e. Hogstad’s 30-year time
series from subalpine central Norway (Hogstad 1997).
Four sites in our study had the typical signatures of
cyclic peaks and crashes (Skulfjord, Tussøya, Sandvik
and Tromvik), one site was in the late phase of the crash
entering the low phase (Dåfjord), another site was
increasing (Reinøy) and, finally, there were six sites that
were compatible with low-phase dynamics (Rekvik,
Vengsøy, Dåvøy, Karlsøy, Årøy, Lyngen). In particular,
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low-phase winter moth populations may stay at very
low densities without notable growth for 3–4 years
after the crash phase has been completed (Roland 1994;
Hogstad 1997). A high frequency of recently dead birch
twigs and old leaves with the typical signs of gnawing at
the six low-density sites, as well as information from
local people who are very well aware of the outbreak
dynamics of ‘lauvmakk’ (the local common name for
winter moth larvae), indicated that outbreak densities
had been prevalent 1 or a few years before.
The cyclic phase differences between sites we infer
from our data imply that some of them were maximally
out of phase with each other. In fact, some of the most
distinct population-phase differences were evident
within continent–island pair constellations where the
sites were separated by only 5 km (e.g. Tromvik vs.
Rekvik, where Rekvik had entered the low phase before
the onset of our study, while Tromvik reached the same
phase 4 years later; Fig. 1).
The common notion that geometrid moth populations have the same synchronous dynamics throughout northern Fennoscandia stems mainly from Tenow
(1972). Tenow’s survey differs from our study design in
several respects. However, most important in the context of spatial population dynamics is that it encompasses a much larger scale with a low spatial resolution
so that discrepancies from large outbreaks in a given
period and a specific region could easily go unnoticed.
Tenow himself acknowledges succinctly that the nature
of qualitative survey data gathered from a variety of
sources will tend to blur details about the dynamics
that go beyond the years and locations with large
outbreaks. More recent quantitative time series on
geometrid moth dynamics in Fennoscandia stem either
from single sites (Hogstad 1997; Selås et al. 2001) or
have examined spatial aspects of the dynamics at the
forest stand level (Bylund 1997; Ruohomäki et al. 1997),
or topographic-related variation in lethal winter temperatures for eggs of the autumnal moth (Niemelä 1979;
Virtanen, Neuvonen & Nikula 1998).
Our demonstration of a pronounced population
asynchrony in the winter moth also contrasts with
several recent studies of a number other cyclic moth
species in forest ecosystems outside Fennoscandia
(Barbour 1988; Myers 1988, 1998; Swetnam & Lynch
1993; Williams & Liebhold 1995, 2000; Peltonen et al.
2002). These studies, based on statistical analyses of
region-wide, relatively high-resolution surveys of
defoliation patterns of economically important species,
have shown convincingly that the extent of spatial synchrony is typically larger (> 400 km), i.e. much larger
than the extent of the area encompassed in the present
study. It has been concluded that external disturbance
in terms of climatic anomalies (i.e. the Moran effect,
Moran 1953) is the most probable cause behind the
large-scale synchrony (Berryman 1996; Myers 1998;
Peltonen et al. 2002). In the case of geometrid moths of
the sub-Arctic birch forests in northern Fennoscandia,
large-scale climatic events have also been forwarded as

the most probable synchronizing agent (Tenow 1972;
Ruohomäki et al. 2000; Tanhuanpää et al. 2002). Lethal
winter temperature is a particularly likely candidate in
this context, as it has been shown to affect the topographic distribution of northern inland populations
of autumnal moth in Finland (Virtanen et al. 1998).
However, unusual spring weather causing a mismatch
between larval and host (i.e. birch) phenology
(Ruohomäki et al. 2000; Visser & Holleman 2001) as
well as high summer temperatures without any particular mechanism specified (Niemelä 1980) has also
been suggested as a potential synchronizing factor. In
the case of our coastal study area, being ruled by an
oceanic climate the temperature never drops even close
to what is lethal for winter moth eggs. At Lyngseid
meteorological station, adjacent to our most continental
sites at Lyngen and Årøy, the mean January temperature
is −4·5 °C, while it is −1·9 °C at Sommarøy adjacent
to our most oceanic sites at Tussøy and Sandvik
(Norwegian Meteorological institute website). In any
case, the corresponding July temperatures at the same
stations are 11·9 °C and 12·5 °C. The distinct asynchrony between adjacent sites (< 10 km apart) clearly
belonging to the same climatic domain rules out the
possibility that climate or, for that matter, any other
supposedly large-scale phenomenon such as mast-seed
years (Selås et al. 2001), could be responsible for the
observed population phase differences.
As well as climatic variation, dispersal and interactions with natural enemies have been regarded as the
two other main determinants of the degree of spatial
synchrony of cycling populations (Bjørnstad et al. 1999;
Koenig 1999; Lundberg et al. 2000). These biotic factors are both connected to the mobility of individuals
(either of the species in question or its enemy) and are
often assumed to operate on a smaller spatial scale
than regionalized factors such as climate (e.g. Sutcliffe
et al. 1996; Peltonen et al. 2002). Because adult female
winter moths are not able to fly, dispersal must take
place through ballooning in first instar larvae. Although
ballooning larvae of the winter moth have been shown
to be able to disperse several hundred metres (Edland
1971), ballooning is generally thought to be poorly
effective beyond the forest-stand scale in forest
Lepidoptera (Ruohomäki et al. 2000). Nothing is known
about the extent of dispersal of important enemies such
as insect parasitoids, although they have been assumed
to be weak fliers (Virtanen & Neuvonen 1999). As an
essential part of our study design we included open
stretches of sea that we expected would be efficient barriers
to dispersal both for winter moths and their most important enemies (e.g. parasitic Hymenoptera and predatory
shrews). Accordingly there were several cases of a pronounced asynchrony between continent–island pairs.
That lack of habitat discontinuity and dispersal barriers
might have played a role is also indicated by the fact that
the only sites being connected by continuous forest exhibited highly synchronous dynamics, and moreover that
local populations were mainly synchronous within sites.
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Conclusion
The present study is, to the best of our knowledge, the
first that addresses the topic of spatial synchrony of
cyclic insect population dynamics by a study design
targeted specifically for shedding light into the underlying mechanisms. Although our study still is relatively
short-term, we have already evidence for distinct
population-phase differences between localities in prime
moth habitats (i.e. mature birch forest) being separated
by only a few kilometres. Our findings thus contrast
with the common notion that geometrid moths in
sub-Arctic birch forests exhibit large-scale synchrony.
They also contrast with recent analyses of cyclically
outbreaking insects in other forest ecosystems, which
invariably have estimated synchrony domains to extend
beyond the scale of our study area (e.g. Peltonen et al.
2002). The most pronounced cases of asynchrony in
our study were found between sites on nearby islands
with exactly the same climate, but where open stretches
of sea between sites presumably acted as efficient
barriers for dispersal in both moths and their enemies.
This suggests that biotic mechanisms may play a pivotal
role for the resultant spatio-temporal dynamics.
Our study highlights the value of specifically dedicated designs in the study of spatio-temporal population dynamics. Such studies, even though they are
relatively short-term, can provide stronger inferences
about what are the underlying mechanisms than untargeted surveys, which typically have formed the basis
for most previous studies on this topic.
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